Abstract: We experimentally demonstrate the collective emission behavior and suppressed cavity-pulling effect of four-level active optical clock with Cesium atoms. Thermal Cesium atoms in a glass cell velocity selective pumped with a 455.5 nm laser operating at 6S 1/2 to 7P 3/2 transition are used as lasing medium. Population inverted Cesium atoms between 7S 1/2 and 6P 3/2 levels are optical weakly coupled by a pair cavity mirrors working at deep bad-cavity regime with a finesse of 4.3, and the ratio between cavity bandwidth and gain bandwidth is approximately 45. With increased 455.5 nm pumping laser intensity, the output power of cesium active optical clock at 1469.9 nm from 7S 1/2 level to 6P 3/2 level shows a threshold and reach a power of 13 µW. Active optical clock would dramatically improve the optical clock stability since the lasing frequency does not follow the cavity length variation exactly, but in a form of suppressed cavity pulling effect. In this letter the cavity pulling effect is measured using a Fabry-Perot interferometer (FPI) to be reduced by a factor of 38.2 and 41.4 as the detuning between the 1469.9 nm cavity length of the Cs active optical clock and the Cs 1469.9 nm transition is set to be 140.8 MHz and 281.6 MHz respectively. The mechanism demonstrated here is of great significance for new generation optical clocks and can be applied to improve the stability of best optical clocks by at least two orders of magnitude. 
Introduction
The optical clocks recently have made great progresses with single ion [1, 2, 3, 4, 5] and neutral atoms in magic optical lattice [6, 7, 8, 9, 10, 11] , and their uncertainty and stability of 10 −18 level have been realized. However, to improve the clock linewidth to millihertz level [12] , is still a huge challenge, which is currently limited by the thermal Brownian-motion induced cavity noise of prerequisite stable probing laser used as local oscillator for all passive optical clocks [13, 14, 15, 16] .
Up to date all the passive optical clocks are based on probing laser prestabilized to a highfinesse cavity with the Pound-Drever-Hall (PDH) technique [13, 14, 15, 16] . The newly reported passive optical clocks with 10 −18 level uncertainty and stability employ such PDH probing laser systems to interrogate the clock transition spectroscopic line of 6.0 Hz [10] and 5.5 Hz linewidth [11] . However, the frequency of the PDH probing laser system is sensitive to the cavity-length noise. So far, super-cavities made from ultralow expansion (ULE) glass are used to reduce thermal drift of the cavity-length and a linewidth of 250 mHz was realized near room temperature [15] . A sub-40-mHz laser linewidth was realized based on a silicon single-crystal optical cavity operated at 124 K [16] . To realize narrower PDH laser linewidth, it is necessary to further reduce the optical cavity operating temperature, which is very complicated for optical clocks.
The bad-cavity collective emission scheme with free-perturbation clock transition as laser medium, is proposed as active optical clock [17, 18, 19, 20, 21, 23, 22, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47] . Population inverted atoms are prepared in a cavity with much wider cavity mode linewidth than clock transition gain bandwidth. The output of active optical clock is the coherent emission in phase due to weak interaction between collective atoms and cavity field, thus provides much narrower laser linewidth than that of the PDH frequency stabilized laser [13, 14, 15, 16] . Unlike that in passive optical clock, the self-sustained lasing oscillation of clock transition in bad cavity, instead of the local oscillator frequency stabilized to the clock transition, is used as optical frequency standard in active optical clock. As the cavity bandwidth of active optical clock is designed to be much wider than the clock transition gain bandwidth, i.e. operating deep in the bad cavity regime, the stimulated emission frequency of active optical clock is mainly determined by the free-perturbation clock transition and the influence of cavity mode is sufficiently suppressed, which is quite different from that in traditional lasers working in the good cavity regime.
Since the proposal of active optical clock [18, 24] , a number of neutral atoms with two-level, three-level, four-level at thermal and laser cooled and trapped configurations, Raman laser, and sequential coupling configuration have been investigated recently [18, 19, 20, 21, 23, 22, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47] . The potential quantum limited linewidth of the active optical clock [22] is narrower than mHz, and to reach this unprecedented linewidth is possible since the effect of thermal noise on cavity mode can be suppressed dramatically with the mechanism of active optical clock [18, 24] . The optical lattice laser based on trapped atoms has been proposed and investigated in [18, 26, 28] and the limited atomic trap lifetime is the main limitation to its high performance, which can be solved by sequential coupling technique [41] . The influence of finite atomic-field interaction time on the laser linewidth is theoretically discussed in [22] and active optical clock based on a atomic beam has been studied in [22, 24, 35, 36, 44] . Active optical clock based on a thermal 88 Sr atomic beam is proposed in [24] and a 0.5 Hz linewidth with 120 nW power is expected to be realized. An atomic flux of 4.3×10 11 /s is needed for self-sustained lasing oscillation. In addition, the bad-cavity Raman laser configuration has been intensively investigated with cooled Rb atoms recently [28, 29, 37, 38, 42, 43] with very beautiful results [37] . However, for active optical clocks with laser cooled and trapped atoms in 3-level configuration [18, 23, 26, 29, 37, 38, 42, 43] , the light shift caused by pumping laser is a main limitation for high performance. To avoid this problem, we choose 4-level configuration instead of 3-level configuration. The detuning between the pumping laser frequency and the transitions related to energy levels of clock transition is thus increased from MHz level in 3-level configuration to THz level in 4-level configuration, and the light shift caused by pumping laser can be avoided as the pumpinginduced shift is inversely proportional to the detuning. Active optical clock based on fourlevel quantum system has been investigated [39, 40, 44, 45, 46, 47, 48, 49] and the population inversion between 7S 1/2 and 6P 3/2 levels of cesium has been experimentally realized [46] for the lifetime of 7S 1/2 state is longer than that of 6P 3/2 state. In this letter, we experimentally demonstrated the stimulated collective emission behavior and suppressed cavity-pulling effect, the main characteristic of active optical clock with Cs atoms in four-level configuration. The Cs atoms are prepared in a heated glass cell and thus overcome the atom trap lifetime limitation in active optical clock based on trapped atoms. What's more, the output power of active optical clock based on a heated cell is expected to be much larger than that based on a thermal atomic beam, for there are far more atoms in the heated glass cell than that in the atomic beam. As pointed previously [39, 40, 44, 45, 46, 47, 48, 49] , the energy level structure of alkali metals are suitable for four-level active optical clock. For Cs, the relevant atomic energy levels are showed in Fig.1 , in which Cs atoms are excited to 7P 3/2 from the ground state 6S 1/2 by 455.5 nm pumping laser [48, 49, 50] . The 1469.9 nm output of active optical clock is stimulated emission of radiation built up between 7S 1/2 and 6P 3/2 with weak optical feedback from cavity.
Experimental schematics
The experimental setup of Cs four-level active optical clock is showed in Fig.2 . The velocity selective pumping scheme where the 455.5 nm cw pumping laser beam is aligned parallel to the 1469.9 nm cavity mode is employed. The 1469.9 nm cavity is composed of a concave mirror (Mirror 6 in Fig.2 ) coated with 1469.9 nm high-reflection coating and a plane mirror (Mirror 7 in Fig.2 ) whose reflectivity of 1469.9 nm is R=77%. The parallel-concave cavity scheme ensures the stability of the 1469.9 nm cavity, while the reflectivity of Mirror 7 in Fig.2 is designed to balance the output power of 1469.9 nm Cs active optical clock and the cavity bandwidth-gain bandwidth ratio. The finesse of the 1469.9 nm cavity without the Cs cell is calculated to be
The 1469.9 nm cavity mode of Cs active optical clock is calibrated in advance with an available 1529 nm laser, which in wavelength is close to the aimed 1469.9 nm. A Cs cell of 5 cm long is inserted between these two cavity mirrors and the transmission of the Cesium cell at 1529 nm is T=79.1%. The Cesium cell is heated to 129 • C at which temperature the output power of 1469.9 nm Cs active optical clock almost reaches its maximum value. The measured reflectivity difference of cavity mirrors and the transmission difference of the heated Cs cell between 1469.9 nm and 1529 nm are both less than 2.5%. The expected difference of the finesse of these two wavelengths is then calculated to be less than 12%. Fig.3 shows the transmitted power of 1529 nm laser through the 1469.9 nm cavity of Cs active optical clock when changing the cavity length. The doted blue curve shows the measured cavity mode without the Cs cell and the finesse is measured to be 12. The finesse of the cavity with Cs cell is calculated to be
The full red curve represents the cavity mode with a heated Cesium cell inserted between the two cavity mirrors and the finesse of the 1469.9 nm cavity is then measured to be F=4.3. The 1469.9 nm cavity length of Cs active optical clock is controlled with a piezoelectric ceramic transducer (PZT) installed on Mirror 7 shown in Fig.2 and the length of the 1469.9 nm cavity does not perfectly follows the variation of PZT voltage linearly. Therefore the red curve in Fig.3 seems to be a little asymmetric. The length of the 1469.9 nm cavity is L=8.6 cm and the free spectral range is FSR = c 2L = 1.744GHz, where c is the light speed in vacuum. Then the linewidth of 1469.9 nm cavity mode is Γ cavity = FSR F = 405.6MHz. The radius of curvature of Mirror 6 is designed to be r=8000 mm and the waist radius of 1469.9 nm cavity mode is 
Experimental results and discussion

Lasing of Cesium active optical clock
Our previous work [46, 47] has showed the population inversion and lasing between 7S 1/2 and 6P 3/2 with 455.5 nm pumping. When the intensity of 455.5 nm pumping laser is strong enough, the stimulated collective emission of 1469.9 nm radiation will reach self-sustained lasing oscillation with weak cavity feedback. It is obvious that the self-sustained 1469.9 nm lasing strongly depends on the 455.5 nm pumping laser frequency as shown in the Fig.4 , when the power of 455.5 nm pumping laser is 10 mW and the 1469.9 nm cavity length is kept in resonance with the 1469.9 nm Cs active optical clock output. The 1469.9 nm Cs active optical clock output power (the lower purple trace in Fig.4) is measured while scanning the 455.5 nm pumping laser frequency. Fig.4 shows very clearly the optimized pumping laser frequency is at 6S 1/2 (F=4) and 7P 3/2 (F ′ =5) transition. According to selection rules, only the transition between 7P 3/2 (F ′ =5) and 7S 1/2 (F ′ =4) is allowed for the Cs atoms pumped to the 7P 3/2 (F ′ =5) state. The hyperfine state of 7S 1/2 (F ′ =4) can thus be proved to be the upper level of 1469.9 nm Cs active optical clock output. The hyperfine state of 6P 3/2 relevant to the 1469.9 nm output can be determined by population difference between two levels of the clock transition and the transition rate [51] , which will be reported in our future work.
The measured 1469.9 nm output power of Cs active optical clock, as showed in Fig.5 , increases almost linearly with the 455.5 nm pumping laser power after a threshold value of 3.1 mW, while the frequency of pumping laser is locked to the cesium 455.5 nm transition between 6S 1/2 (F=4) and 7P 3/2 (F ′ =5) and the Cs cell is controlled around 129 • C. When the pumping laser power is kept to be 11.77 mW, the 1469.9 nm output power of Cs active optical clock depends on the Cs cell temperature, i.e., the atom density. Their relation shows a bell shaped curve as in Fig.6 . Here, the cavity length of Cs active optical clock is kept in position so that maximum 1469.9 nm output power is reached. At high Cs cell temperature, the collisions between dense atoms shorten the effective coherence time of the 7S 1/2 excited state in the form of pressure broadening, and cause the 1469.9 nm output power reduction, even lasing stop. The detailed theoretical explanation has to be further studied and more relevant experimental results are needed.
Suppressed cavity pulling effect of Cesium active optical clock
As an active optical clock, the gain bandwidth is designed to be much narrower than that of cavity mode [18, 24] . In this letter the velocity selective pumping scheme is employed, where the 455.5 nm pumping laser beam is aligned parallel to the 1469.9 nm cavity mode of Cs active optical clock and a section of the Doppler profile of atoms in the 455.5 nm pumping laser beam are excited to the 7P 3/2 state. The corresponding velocity spread parallel to the 1469.9 nm cavity mode can be deduced from the width of the 455.5 nm transition's profile which is determined by the saturation broadening caused by 455.5 nm pumping laser. The frequency gain bandwidth of 1469.9 nm Cs four-level active optical clock output is mainly determined by the Doppler broadening of Cs 7S 1/2 state, which depends on the saturation broadening of Cs 455.5 nm transition via velocity selective pumping. The natural linewidth of 7P 3/2 state, the upper level of Cs 455.5 nm transition, is 1.13 MHz. After considering the power losses of 1469.9 nm cavity mirrors and Cs cell windows, and the measured beam size of 455.5 nm pumping laser, we estimated the averaged intensity of 455.5 nm pumping laser within the Cs cell is I=695.2 mW/cm 2 . Then the on-resonance saturation parameter is about S 0 =I/I s =434.5 since the saturation intensity of Cs 455.5 nm transition is I s =1.60 mW/cm 2 . The broadened Lorentzian linewidth caused by saturation broadening of Cs 455.5 nm transition, i.e. the width of the 455.5 nm transition's Doppler profile, is 23.58 MHz and a corresponding velocity spread of 10.74 m/s parallel to the 1469 9 nm cavity mode of Cs atoms can be pumped to the 7S 1/2 state. The Lorentzian linewidth due to the corresponding Doppler broadening of Cs 7S 1/2 state is then 7.31 MHz and the Lorentzian natural linewidth of 1469.9 nm transition is 1.81 MHz. The combined linewidth of two Lorentzian linewidths is the result of their convolution, which equals to the summation of these two linewidths. Thus the total gain bandwidth of 1469.9 nm Cs four-level active optical clock then is Γ gain = 9.12 MHz while the 1469.9 nm cavity bandwidth is measured to be Γ cavity =405.6 MHz. The ratio between cavity bandwidth and gain bandwidth a=Γ cavity /Γ gain [18, 24] , is a=44.5.
The main characteristic feature and advantage of active optical clock is the suppressed cavity pulling effect, which shows the output frequency will not follows the cavity mode changing exactly, but in a way of dramatically reduced frequency shift when the cavity mode is changing. The suppressed cavity-pulling effect of 1469.9 nm output in Cs active optical clock is measured using a Fabry-Perot interferometer as the FPI in Fig.2 . The cavity length of FPI is 58 cm, thus the free spectral range of FPI is 258.6 MHz as showed in Fig.7 . The finesse of FPI is measured to be 95 and the linewidth of the FPI can thus be calculated to be 2.72 MHz. Fig.7 indicates the single longitudinal mode normalized transmitted amplitude of 1469.9 nm Cs active optical clock through FPI when scanning the FPI cavity length. The additional peaks in Fig.7 are transverse modes of 1469.9 nm Cs active optical clock output and can be sufficiently suppressed by spatially filtering using a aperture slot before the 1469.9 nm is introduced to the FPI. Fig.8 shows the measured suppressed cavity pulling effect in Cs active optical clock. The higher red curve represents the 1469.9 nm transmitted signal through the FPI when the 1469.9 nm cavity length of the Cs active optical clock is kept in resonance with cesium 1469.9 nm transition, while the lower blue curve represents the 1469.9 nm transmitted signal when the 1469.9 nm cavity length of the Cs active optical clock is kept 140.8 MHz (Fig.8 (a) )and 281.6 MHz (Fig.8  (b) ) detuned away from the cesium 1469.9 nm transition. The 140.8 MHz and 281.6 MHz detuning between the 1469.9 nm cavity mode and atomic 1469.9 nm transition is controlled with calibrated PZT voltage of 1469.9 nm cavity. By the following relation [24, 52] ,
The suppressed cavity pulling ∆ν cavity−pulling should only be 3. 
where N s and N p represents the populations of the lower and upper levels of Cs 1469.9 nm transition respectively. In the steady state 5.8% of the total atoms in the cavity mode excited to the 7P 3/2 state are in 7S 1/2 state (the upper level) while 2.9% in the 6P 3/2 level (the lower level) [46] . The factor
can thus be calculated to be 2. The 1469.9 nm Cs active optical clock output power is measured to be P=13 µW as shown in Fig.5 and the average photon number in the 1469.9 nm bad cavity of Cs active optical clock is n cavity = P 2πhνΓ cavity = 3.8 × Since the active optical clock output is the stimulated atomic collective emission and the cavity-pulling effect has been sufficiently suppressed, the output frequency of active optical clock is mainly determined by the atomic clock transition instead of the instable macroscopic cavity length. Currently, we are designing a dual wavelength bad/good cavity, which is coated at 1469.9 nm at bad-cavity regime, and 632.8 nm at good cavity regime to use a specifically designed He-Ne laser system. The 1469.9 nm laser medium prepared in the heated Cs cell and the 632.8 nm laser medium prepared in the specifically designed He-Ne laser element thus share the same cavity. When the output of good cavity laser operating at 632.8 nm is locked to a super-cavity with PDH technique, the stability of 1469.9 nm output at bad-cavity regime will be thus further improved by two orders of magnitude based on the suppressed cavity pulling effect and the Cesium active optical frequency standard will be then realized. As the optical frequency comb has been a readily available technology, it will be easy to establish the Cesium active optical clock. The mechanism demonstrated here can be applied to other atoms and can be extended to laser cooled and trapped atoms and ions. The research on active optical clock is of great significance for the new generation optical lattice clocks [10, 11] . We believe the stability of the best optical clock is expected to be improved by at least two orders of magnitude using the mechanism of active optical clock.
Conclusion
In summary, we have realized the lasing and stimulated collective emission and suppressed cavity-pulling effect of active optical clock with Cs atoms pumped by a 455.5 nm laser via velocity selection. The lasing behavior of Cs atoms at 1469.9 nm radiation was demonstrated while coupled by a bad-cavity with a finesse of 4.3 only. The characteristics of 455.5 nm pumping laser and cell temperature dependence were exhibited in experiments. Unlike the passive optical clocks where the frequency of local laser oscillator follows the cavity length variation exactly [13, 14, 15, 16] , the suppressed cavity pulling effect is the main characteristic of active optical clocks. The four-level active optical clock could suppress the cavity pulling effect by a factor of 38.2 and 41.4 as the 1469.9 nm cavity length of the Cs active optical clock is kept 140.8 MHz and 281.6 MHz detuned away from the cesium 1469.9 nm transition respectively in this letter, which would dramatically improve stability of optical clocks. Future experiments will measure the expected narrow linewidth and demonstrate high performance of active optical clock by beating and comparing two equal, independent and uncorrelated experimental setups.
